Abstract. The hair cell is a biological sensor that uses microscopic hair-like 
Introduction
The term hair cell refers to biological sensors that use microscopic hair-like structures, 28 called cilia, to detect delicate motions in surrounding fluid. Mechanoreceptive channels 29 in these cells respond to cilia deflections by triggering neural signals [1] . Most hair cells manipulation method can be found elsewhere [34] .
135
The substrate chamber measured 12x3x4 mm and was machined from transparent 
Droplet Interface Bilayer Components and Formation

143
The DIBs in this study were formed on hydrogel supports through a hybrid of two 144 methods developed by Bayley et al.: lipid-in DIBs [35] and lipid coated hydrogels [31] .
145
The aqueous solution used to form lipid-in DIBs consists of 2 mg/mL 1,2 diphytanoyl- The preparation of this solution is described elsewhere [35] . This excitation direction has been experimentally shown to elicit the greatest current 
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Figure 3: Illustration of an array test and TFRE. The air source is swept across the hair cells while the total output current is measured. Based on knowledge of each AHC frequency response (red, blue, and green plots) and a weighted fit of reference functions, the air velocity at each AHC can be estimated (see section 4.2).
response [36] . It was wide enough to excite all hairs once in varying degrees. While 185 holding the velocity constant, the airflow was moved laterally in 2 mm increments for 
Theory
The sensory process depends on airflow exciting the hair at a particular velocity. The nozzle [37] shows the radial air velocity distribution v(r, x) to be:
where r is the radial distance from the nozzle's center, x is the axial distance from 
230
For the latter case, the vibrational energy is distributed among the natural frequencies
231
of the cylinder, as in a free vibration case [38] . Experimental data in air suggest that 
Bilayer Mechanoelectrical Transduction
242
The droplet interface bilayer can be modelled in general as a capacitor and resistor in applied to the bilayer, the trans-membrane current can be described as
where V , i and C(V, t) represent voltage and current across the bilayer membrane and 250 its capacitance, respectively. For high frequency oscillations (> 2 Hz), the membrane 251 will bend back and forth around some initial curvature [44] . The bending introduces a 252 change in membrane area, which is directly related to membrane capacitance, hence 253 the time dependent capacitance in (4). This phenomenon has been observed many 254 times in literature and is referred to as mechanocapacitance [25, 26, 45, 44] .
255
One must also take into account that membrane capacitance is a function of the 256 applied voltage due to the electrowetting effect [46] . An applied electric field will 257 reduce the contact angle between two aqueous volumes to produce a larger contact 258 area. Due to this increase in area, it has been established experimentally [42, 41] that 259 bilayer capacitance C will vary with the square of the applied voltage
261
where C 0 is the capacitance at zero volts and α is the voltage dependence, which is 262 sensitive to both lipid type and bilayer geometry. For a sinusoidally varying, zero-volt
265
we obtain the output current by substituting (6) and (5) into (4):
267
Here, C Total, No Bilayer (c) Figure 4 : a) Measured current output for a single AHC at various airflow speeds. The hair length was 36 mm and excited by an air source 40 mm away. The membrane had 990 pF capacitance with a 50 mV bias potential applied. b) Power spectral density of the output currents in (a), computed using Welch's method. c) Output power (integrated PSD) versus flow speed for a 10 Hz band centered at the natural frequencies (colored dots) and total spectrum from 0-2 kHz (white dots) from (b). Total output power cubic sensitivity to air speed: β = 2.6 pA 2 /(m/s) 3 with R 2 = 0.98.
AHC response to airflow
291
In previous studies, laminar flow has been shown to cause only a static deflection in the 292 hair [48] . Turbulent airflows, however, excite the hair into continuous free vibration 
317
The high aspect ratios of artificial hair cells allow for local velocity measurements.
318 Figure 5 shows the averaged results of four different normalized trials using. The Finally, it is important to note that the hair-flow interaction studied herein is 332 fundamentally different to a majority of previous AHC research [11, 19, 18, 13] , which 333 measured low fluid flows based on cilia deflection. As seen above, these AHCs rely 
Methodology and assumptions of tuned frequency response encoding
342
When measuring with full array, the outputs of three AHCs are combined in parallel to 343 a single channel, as show in figure 3 . According to Kirchoff's current law, the measured 344 current is a sum of the individual unit output currents (i 1 + i 2 + i 3 ) [49] . Each AHC 345 hair length was tuned manually so that each frequency response had minimal overlap.
346
The lengths of AHCs 1,2 and 3 were 33 , 26 and 20 mm respectively. In order to recover the individual currents i 1 , i 2 , and i 3 , we require some prior knowledge of each 348 AHC frequency response. Furthermore, to estimate the velocity at each AHC, we 349 require a sensitivity β for the relationship in (3).
350
We characterize this behavior in a brief (10 minute) pre-test phase by 
399
The method was partly inspired by the biological function of the basilar 400 membrane, which performs a similar but inverse signal processing operation [1] . The 401 basilar membrane is a flexible structure that stretches along the center of the cochlea.
402
The stiffness varies gradually along its length such that the location of resonance is 403 a function of the input frequency [9] . Thus, through an array of biological hair cells 404 that line the membrane from end to end, the brain can map an excitation at a specific multiple independent measurement channels, it is quite useful when these are limited.
409
More generally, it demonstrates an approach to encoding information as frequency. 
Spatial flow measurements via TFRE
411
Example experimental results of TFRE for a single sweep test are shown in figure 7 .
412
The data correspond to test 1 in figure 6a , where AHCs 1, 2, and 3 had measured 
425
It was observed that in for some inaccurate predictions, the total output power show in figure A1 . Each summation term describes a single peak of the output response. N represents 518 the fit order (total number of peaks). The independent variable f is frequency, while 519 subscripts h and n denote the AHC number and peak number respectively. A n is 520 the peak amplitude, f n is the peak frequency and w n is the peak's half-width at were β h is the AHC's cubic sensitivity to air velocity and f min to f max is the frequency 542 band on which β h was calculated. The integral is analogous to the signal power.
